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It has long been known that a number of biological structures are argyrophilic (silver loving). The use of silver stains for biological applications dates back to the 1800s. Largely using the silver‐based Golgi\'s method, Camillo Golgi and Santiago Cajal were able to elucidate many aspects of the nervous system and for this contribution they received the 1906 Nobel Prize in Physiology or Medicine.[1](#anie201801653-bib-0001){ref-type="ref"} Silver staining is now an indispensable visualization method in biology and has established wide applications in histological characterization,[2](#anie201801653-bib-0002){ref-type="ref"} diagnostic microbiology,[3](#anie201801653-bib-0003){ref-type="ref"} karyotype analysis, and[4](#anie201801653-bib-0004){ref-type="ref"} genomic[5](#anie201801653-bib-0005){ref-type="ref"} and proteomic[6](#anie201801653-bib-0006){ref-type="ref"} research. When used for the detection of proteins after electrophoresis, silver staining can detect a wide range of proteins and provides about 10--100‐fold higher sensitivity than the classic Coomassie Brilliant Blue stain. Its working principle is general. Silver ions bind to biological targets through interactions with carboxyl, amine, thiol, and other electron‐rich chemical groups.[7](#anie201801653-bib-0007){ref-type="ref"} The detection is then achieved by reducing the silver ions into metallic silver grains, which collectively label the sample with a dark color (Figure [1](#anie201801653-fig-0001){ref-type="fig"} a). Since the reduction varies at the site of proteins and has no clear end points, the silver grains formed usually have a broad range of sizes, leading to varied colors in the stained proteins. As a result, the colorimetric silver stains show poor linear relationship for protein quantification. Because of the tricky reduction, silver staining is also subject to run‐to‐run variations and restricted to timing procedures for a good quality control.[8](#anie201801653-bib-0008){ref-type="ref"} To achieve the highest sensitivity in silver stains, glutaraldehyde is frequently used in an additional sensitization step to saturate silver species on proteins; however, the glutaraldehyde cross‐links proteins covalently, leading to challenges in downstream mass spectroscopic (MS) analysis.[6a](#anie201801653-bib-0006a){ref-type="ref"} Omission of the glutaraldehyde enhances MS compatibility of silver stains while drastically decreasing their detection performance. This dilemma is ultimately attributed to the chromogenic visualization in conventional silver stains.

![a) The classic chrome‐silver visualization (left) and proposed fluorogenic visualization (right) of proteins. b) **TPE‐4TA** and the Ag^+^ detection through a Ag^+^‐tetrazolate aggregation‐triggered AIE process. *X* can be either H or Na^+^. The possible tautomer 2*X*‐tetrazole structure (in red) is not shown for clarity.](ANIE-57-5750-g001){#anie201801653-fig-0001}

We envisioned that a fluorogenic visualization of silver ions, as an alternative to the chromogenic step (Figure [1](#anie201801653-fig-0001){ref-type="fig"} a), may relieve the above‐mentioned concerns from the reduction step and rejuvenate the traditional silver staining method. Considering that fluorescent detection is fast and much more sensitive than absorption‐based method, the strategy is furthermore plausible for developing a new staining method with exceptional sensitivity. Though straightforward, no fluorescent silver stains have been reported so far. The challenge might be that this method relies on a Ag^+^‐specific dye that can be finely tailed for staining in complex environments (for example, in a gel). Considering the in situ grain formation in silver stains, the dye is preferably able to settle spontaneously upon Ag^+^ recognition in the gel, lighting up the target with a high signal to noise ratio.

Inspired by the phenomenon of aggregation‐induced emission (AIE),[9](#anie201801653-bib-0009){ref-type="ref"} the desired fluorogenic Ag^+^ detection accompanied by an aggregation process can be rationally achieved. Unlike conventional dyes, a typical AIE dye has a flexible structure and emits faintly as molecules in solution. In the aggregated state, the dye emits strongly. The fluorescence in response to changes in molecular states has been explored as a general way to design fluorogenic probes for metal ions, small molecules, and enzymes.[10](#anie201801653-bib-0010){ref-type="ref"} In this work, we designed a tetrazole‐tagged AIE luminogen, **TPE‐4TA**, for the fluorescent sensing of Ag^+^. Many 1/2*H*‐tetrazole compounds have been known to "precipitate" out Ag^+^ from a solution efficiently.[11](#anie201801653-bib-0011){ref-type="ref"} The resulting insoluble tetrazole‐silver complexes are infinite metal‐coordination polymers, with silver atoms binding in mono‐, bi‐, or tri‐dentate formats to the N atoms of the tetrazole ring.[11](#anie201801653-bib-0011){ref-type="ref"} For **TPE‐4TA**, the anion tetrazolate acts as Ag^+^‐specific targeting group to trigger aggregation, while the core tetraphenylethene (TPE) endows aggregation‐induced fluorescence (Figure [1](#anie201801653-fig-0001){ref-type="fig"} b).

**TPA‐4TA** (X=H) was synthesized in a 21 % total yield over three steps (Supporting Information, Figure S1). **TPA‐4TA** (X=H) showed modest solubility (ca. 10^−4^  [m]{.smallcaps}) in deionized water and was highly soluble (\>0.05 [m]{.smallcaps}) in water when formulated in the salt form (X=Na^+^).

When not aggregated in aqueous solution, **TPE‐4TA** is non‐fluorescent because of the free rotational motion of the phenyl rings, which activates non‐radioactive pathways.[9](#anie201801653-bib-0009){ref-type="ref"} As expected, the addition of Ag^+^ produced fluorescence with maximum intensity at 490--530 nm by 368 nm excitation. The turn‐on response was instantaneous. A stoichiometric study indicated that the fluorescence increased by the step‐wise addition of Ag^+^ (Figure [2](#anie201801653-fig-0002){ref-type="fig"} a). By plotting the intensity at 504 nm against the \[Ag^+^\]*/*\[TPE‐4TA\] ratio, a linear relationship with R^2^=0.996 was established in the range from 40 n[m]{.smallcaps} to 15 μ[m]{.smallcaps} for \[Ag^+^\] (Figure [2](#anie201801653-fig-0002){ref-type="fig"} b). With a further increase of \[Ag^+^\], the fluorescence reached a steady plateau. The linearity and the 1:1 mole ratio of Ag^+^ to the tetrazolate group on approaching the plateau indicated that the sensing process correlated well with a stoichiometric metal‐organic coordination‐driven assembly.[12](#anie201801653-bib-0012){ref-type="ref"} The limit of detection for Ag^+^ was estimated to be 2.3 n[m]{.smallcaps}, that is, 0.25 μg L^−1^ (S/N=3, *n*=12), which is about 40‐fold lower than the colorimetric method using dithizone (10 μg L^−1^) and is amongst that of the best fluorescence‐based methods.[13](#anie201801653-bib-0013){ref-type="ref"}

![Characterization of the fluorogenic aggregation process. a) Fluorescence of **TPE‐4TA** (5 μ[m]{.smallcaps}) by stepwise addition of Ag^+^ in deionized water; b) Plot of intensity at 504 nm in (a) as a function of \[Ag^+^\]*/*\[TPE‐4TA\]. c) DLS and d) SEM characterization of the fluorescent solution. e) Fluorescence of **TPE‐4TA** (5 μ[m]{.smallcaps}) mixed with metal ions (20 μ[m]{.smallcaps}, including Na^+^, K^+^, Ca^2+^, Mg^2+^, Mn^2+^, Zn^2+^, Cu^2+^, Fe^2+^ Fe^3+^, Ni^2+^, Au^+^, Pb^2+^, Cd^2+^, Pd^2+^, and Co^2+^) in phosphate aqueous solution (pH 7.4). f) Fluorescence of **TPE‐4TA** (10 μ[m]{.smallcaps}) at 504 nm against the pH values of the phosphate aqueous solution in the absence or presence of Ag^+^ or Hg^2+^ (10 equiv) respectively. λ~ex~=368 nm.](ANIE-57-5750-g002){#anie201801653-fig-0002}

The fluorogenic sensing was accompanied by formation of nano‐sized aggregates. The dynamic light scattering (DLS) analysis suggested that aggregates were formed with a good batch‐to‐batch reproducibility in solutions and the size distributions varied with the mole ratio of **TPE‐4TA** to Ag^+^ (Supporting Information, Table S1). As an example, the mixture (\[TPE‐4TA\]=5 μ[m]{.smallcaps}, \[AgNO~3~\]=25 μ[m]{.smallcaps}) gave an efficient diameter of circa 50 nm (Figure [2](#anie201801653-fig-0002){ref-type="fig"} c). After evaporation of the solvent, nanoparticles (*d*=5--30 nm) were also observed under electron microscopy (Figure [2](#anie201801653-fig-0002){ref-type="fig"} d and the Supporting Information, Figure S4). Element mapping confirmed that the clustered nanoaggregates consisted of Ag, N, and C (Supporting Information, Figure S6). The fluorescent aggregates (\[TPE‐4TA\]=5 μ[m]{.smallcaps}, \[Ag^+^\]=1--50 μ[m]{.smallcaps}) had a negative zeta potential of −15 to −40 mV, likely owing to the anionic tetrazolate groups of **TPE‐4TA** being exposed at the aggregate--solution interface. The colloid gave no noticeable precipitation when stored for over three months. The aggregates have low solubility in common solvents, including DMSO, even at reflux conditions, likely because of the strong tetrazolate--silver interactions. These results supported a good colloidal stability of these fluorescent aggregates.

The fluorogenic Ag^+^ detection was next evaluated in the presence of interfering factors including different metal ions, pH, and common silver‐binding reagents. Most metal ions cannot turn on the fluorescence of **TPE‐4TA** (Figure [2](#anie201801653-fig-0002){ref-type="fig"} e and the Supporting Information, Figure S7). Hg^2+^ produced a weak fluorescent signal, which may result from a similar Hg^2+^‐tetrazolate coordination.[11b](#anie201801653-bib-0011b){ref-type="ref"} The Ag^+^/Hg^2+^ coordination‐induced fluorogenic detection were then evaluated at different pH values (Figure [2](#anie201801653-fig-0002){ref-type="fig"} f). At pH$\leq$ 4, the tetrazole moiety with a p*K* ~a~ of 4--5 was mainly in the protonated form.[14](#anie201801653-bib-0014){ref-type="ref"} The protonated **TPE‐4TA** likely aggregated in aqueous solution and thus elicited a blue emission peak at 470 nm. At pH$\geq$ 5, the probe was fully dissolved and produced no fluorescence. The Ag^+^‐induced fluorescence thus became significant. At pH\>6, the maximum turn‐on response kept at a stable level, indicating that it offered a robust Ag^+^ quantification method from neutral to highly basic solutions. In the case of Hg^2+^ detection, the fluorogenic response was only observed within pH 5--8.

The interference tests included reagents used in silver stains and amino acids, which are reported to host Ag^+^ in the in‐gel staining of proteins (Supporting Information, Figure S8). All of these interfering reagents did not trigger the fluorescence turn‐on of **TPE‐4TA**. When Ag^+^ were bound to the reagents beforehand, **TPE‐4TA** molecules were also able to snatch (or co‐aggregated with) Ag^+^ from all the pre‐formed Ag^+^‐bound complexes included in the test and fluoresce, except from Ag^+^--cysteine complexes, likely because of the strong thiol--Ag^+^ bonding.[7](#anie201801653-bib-0007){ref-type="ref"} The results suggested the feasibility of combining the Ag^+^ sensing with biological silver staining methods.

Following separation by SDS‐PAGE, we achieved an efficient fluorescent silver staining of proteins (Figure [3](#anie201801653-fig-0003){ref-type="fig"} a). For comparison, gels were also stained by conventional silver nitrate stain[8](#anie201801653-bib-0008){ref-type="ref"} or SYPRO Ruby fluorescent stain.[15](#anie201801653-bib-0015){ref-type="ref"} In the tests, a commercial protein ladder consisting of 14 proteins served as the sample. In the fluorescent silver‐AIE stain, all the protein bands were clearly visible under a UV lamp, correlating well with the bands stained by SYPRO Ruby dye (Figure [3](#anie201801653-fig-0003){ref-type="fig"} b). The strong green color also correlated well with that of the Ag^+^‐probe complexes (Supporting Information, Figure S9).

![a) Procedure for fluorescent silver‐AIE staining . Gels stained by b) the silver‐AIE stain and c) a SYPRO Ruby stain, imaged in parallel under 365 nm irradiation.](ANIE-57-5750-g003){#anie201801653-fig-0003}

To compare the three staining methods, gels were analyzed by a gel imaging system (Supporting Information, Figure S10). Figure [4](#anie201801653-fig-0004){ref-type="fig"} a shows representative images, which show that the silver‐AIE stain gave a lower background than the silver nitrate stain and displayed a high contrast comparable to the SYPRO Ruby stain. Figure [4](#anie201801653-fig-0004){ref-type="fig"} b summarizes the lower limit of detection (LLD) for the observed proteins. The silver nitrate stain gave faintly gray bands with LLDs of about 1--10 ng band^−1^ as reported.[8](#anie201801653-bib-0008){ref-type="ref"} The silver‐AIE stain showed a high resolution and in general showed 1--16‐fold lower LLDs, than the silver nitrate stain. The sensitivity is also 1--8‐fold higher than that of SYPRO Ruby stain. The detection performance is improved for the 10--40 kDa protein bands, indicating its advantages in low‐molecular weight proteins staining.

![Comparison of the silver nitrate, fluorescent silver‐AIE, and SYPRO Ruby staining methods. a) Representative gel images. In the lanes (from left to right), serial dilutions (2‐fold) of ladder proteins were loaded from 200--500 ng (1st lane) to 0.012--0.003 ng (15th lane). b) Lower limit of detection (*n*=3). c) Signal profiles of the 5th lane (10--25 ng/band) showing the differential protein detection. d) Signal intensity against the protein amount by the silver‐AIE stain (*n*=3). e) Signal intensity as a function of protein quantity for the band 8 protein (*n*=3), showing LDR of the three methods. *X*‐axis is the normalized amount of protein per band, where 1=200--500 ng/band.](ANIE-57-5750-g004){#anie201801653-fig-0004}

As an example of the differential protein detection, the signal profile of the 5th lane (10--25 ng band^−1^) is shown in Figure [4](#anie201801653-fig-0004){ref-type="fig"} c. In contrast to the silver nitrate stain, which gave weak and distorted peaks, the silver‐AIE stain detected all the protein bands with a good profile contrast comparable to that of the SYPRO Ruby stain. Since these bands showed fluorescence with comparable intensity and uniformity (Figure [4](#anie201801653-fig-0004){ref-type="fig"} d), the silver‐AIE stain can be regarded to have minor inter‐protein variation, which is practically useful for total protein detection.

To compare the linear dynamic range (LDR) of the stains, we plotted the signal intensity against the amount of proteins for each band (Figure [4](#anie201801653-fig-0004){ref-type="fig"} d and the Supporting Information, Figure S11). The silver‐AIE stain gave a good and uniform linearity (similar slope) for all 14 proteins over a relatively broad range (Supporting Information, Table S2). For example, for the band 8 protein, in comparison with silver nitrate stain which gave a LDR of circa 1.5 logs (R^2^=0.819), the silver‐AIE stain displayed a linear range from 0.024--0.061 ng band^−1^ to 50--75 ng band^−1^), that is, a LDR of over 3.3 logs (Figure [4](#anie201801653-fig-0004){ref-type="fig"} e). The linearity (R^2^=0.960) is comparable with that of the SYPRO Ruby stain (R^2^=0.957, LDR from 0.78--1.96 ng band^−1^ to 50--75 ng band^−1^), indicating that the silver‐AIE stain can be used for protein quantification studies in which conventional silver stains were not recommended.[6](#anie201801653-bib-0006){ref-type="ref"}

The silver‐AIE staining method based on highly sensitive fluorogenic visualization was demonstrated to be robust with low run‐to‐run variability. In the stain, the soluble **TPE‐4TA** with AIE properties is non‐emissive before development and thus offered a low staining background. In contrast, the control stains required lengthy destaining steps and careful timing to prevent over‐staining and ensure the maximum sensitivity. In addition, the silver‐AIE stain avoids the use of aldehydes, which are irritants and carcinogenic, and therefore is safer than classic silver stains.

In conclusion, we report a new water‐soluble fluorogenic Ag^+^ probe **TPE‐4TA**, which enables the first practical fluorescent‐silver staining method. **TPE‐4TA** is a sensitive, selective and quantitative fluorescence turn‐on Ag^+^ probe and the detection works well in aqueous solutions. The coordination of anionic tetrazolate groups in **TPE‐4TA** with Ag^+^ results in spontaneous aggregation, which induces fluorescence of the AIE‐active probe. The fluorogenic aggregation was integrated with biological silver stains, leading to an efficient and robust fluorescent silver staining method for in‐gel protein detection. With a simple and straightforward protocol, the stain achieved up to 1--16‐fold improvement in sensitivity compared with conventional silver nitrate staining and the famous SPRYO Ruby staining, and showed good linearity over a range of over 3.3 logs for protein quantification. The novel silver staining may open a new avenue to revitalize the rich silver‐based biological techniques for the study of many other argyrophilic biological structures by fluorescent methods.
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